ABSTRACT The remating behavior of wild Ceratitis capitata (Wiedemann) females was examined after Þrst mating to males from the wild or from one of two genetic sexing strains: Cast 191 (irradiated or nonirradiated males) or Seib 6-96 (irradiated males only). The observations were carried out in Þeld cages set over a rooted host tree during a continuous period of 10 h in which females were individually identiÞed. On average, 12% of females remated. The general trend was a higher rate of remating for females Þrst mated with lab males compared with females Þrst mated with wild males. It was observed that females that remated tended to start and end their Þrst mating earlier than those females that did not remate, and the Þrst mating of the former was shorter than that of the latter. However, there was no signiÞcant differences in copula duration between remater and nonremater females. Females mated initially to wild males showed the longest average refractory period and females mated to Cast 191 irradiated males the shortest. Females Þrst mated to Cast 191 nonirradiated and Seib 6-96 irradiated males showed intermediate values. It is expected that the methodology used in this study can prove useful for routine quality control tests in medßy mass-rearing facilities.
placed on implementing environmentally safe control measures, such as the sterile insect technique (SIT), rather than on the traditional use of chemical insecticides (Knipling 1979) . The SIT relies on the release of mass-reared sterile males into target wild populations, yielding a high proportion of matings between sterile males and wild females that fail to produce viable offspring (Knipling 1955) . It has been shown experimentally in the Þeld that the release of all-male sterile medßies is several times more effective than releasing both sexes (McInnis et al. 1994 , Hendrichs et al. 1995 , Rendon et al. 2000 . This, plus the reduction in the costs of rearing, has promoted the creation of strains that can genetically separate males from females and are commonly referred to as genetic sexing strains (GSS) (Whitten 1969) . Before using a GSS in an SIT-based control program, it is necessary to assess the quality of the new strain in several respects. Standard quality control tests have been developed to measure the mating performance of mass-reared versus wild ßies (IAEA 1998) , and the current method of choice is to conduct mating trials simulating natural conditions in outdoor Þeld cages containing host trees.
Although considerable effort has been spent evaluating male competitiveness to mate, the postmating behavior of females has not been studied with the same emphasis. One essential point of the SIT is that females that mated with a sterile male can produce progeny if they remate with a fertile male. Moreover, wild female remating can become a potential problem if females change their pattern of mate choice after the Þrst mating.
Multiple matings have been reported frequently in C. capitata females from laboratory strains under laboratory conditions (Katiyar and Ramirez 1970; Nakagawa et al. 1971; Delrio and Cavalloro 1979; Bloem et al. 1993a Bloem et al. , 1993b McCombs 1993a, 1993b; Chapman et al. 1998; Miyatake et al. 1999; Vera et al. 2002) , and inferred for wild females from Þeld-collected insects (McInnis 1993 , Yuval et al. 1996 , Bonizzoni et al. 2002 . Although several factors, such as Þrst copula duration (Farias et al. 1972 , Saul et al. 1988 , nutritional status of the male (Blay and Yuval 1997) , male or female strain , and male sterilization (Cavalloro and Delrio 1970 , Katiyar and Ramirez 1970 , Bloem et al. 1993a , have been reported to affect female remating frequency, most studies were conducted under laboratory conditions with laboratory strains rather than with wild insects under natural or seminatural conditions.
In the present work, we have modiÞed the standard mating trial protocol in outdoor Þeld cage tests to evaluate aspects of the postmating behavior of wild females at the same time we evaluated a new GSS, Cast 191 (Delprat et al. 2002) . Seib 6-96 (Franz et al. 1994) , a well-known GSS based upon pupal coloration, was used for comparison. The results for mating performance are fully reported in Cladera et al. (2002) , in which irradiated Cast 191 males mated at a similar rate as wild males, indicating a good performance of this new strain, and Seib 6-96 males showed mating rates similar to those reported previously (Cayol et al. 1999 ). Here, we report a detailed and complementary analysis of the same set of data of Cladera et al. (2002) , focusing on female behavior after the Þrst mating.
Materials and Methods
Biological Material. Wild ßies were obtained from several collections of infested peaches, Prunus persica L., at the INTA experimental station in San Pedro (Ϸ59Њ 40ЈW, 33Њ 40ЈS), Buenos Aires province, Argentina. Ripe fruits were collected from trees and off the ground to recover pupae, which were held under laboratory conditions (23Ð27ЊC, 50 Ð70% RH, and a 12:12 L:D photoperiod) until adult emergence. Adult ßies were provided food in the form of sugar: protein (hydrolyzed yeast) 3:1 (V/V) and water. Two GSS were used: Cast 191 (Delprat et al. 2002) and Seib 6-96 (Franz et al. 1994) . Cast 191 was reared at the INTA Genetics Institute laboratories on a carrot-based larval diet (Terán 1977) . Adult ßies were provided food and water, as for wild ßies, and held in screened cages (75 ϫ 50 ϫ 20 cm), containing 5,000 individuals/cage. Pupae were divided into two lots: one nonirradiated (Cast) and one irradiated (Cast*) that received a fully sterilizing median dose of 118.5 Gy (max dose ϭ 120, min dose ϭ 117 Gy) under hypoxia in a Gammacell 220 Co 60 irradiator Ϸ2 d before adult emergence. Seib 6-96 was under mass-production at the BioKm8 insectary (ISCAMen, Mendoza, Argentina) at the time of the study and was used extensively in SIT programs of medßy eradication in the regions of Mendoza and Patagonia, Argentina (De Longo et al. 2000) . Male pupae from this strain were obtained from the same ISCAMen facility after irradiation under hypoxia in an IMCO 20 Co 60 irradiator at a median dose of 125 Gy (min dose ϭ 100 Gy, max dose ϭ 150 Gy) 2 d before emergence. Pupae were then shipped by air, on the same day as irradiation, to Buenos Aires (Ϸ1.5-h ßight) and transported to the INTA laboratory in Castelar. This strain will be referred to as Seib*, hereafter.
Sexing of Adults. Within the Þrst 24 h of adult emergence, ßies were aspirated mechanically from holding cages and anesthetized by exposure to cold for an average of 10 min at 0ЊC (in no case was exposure longer than 20 min) and sorted by sex. Although the pupae of the GSS strains already were received in a sexed condition, emerging males were also anesthetized to equalize handling procedures and to check for possible female contamination. Sexed ßies were held until sexual maturity (11Ð14 d for wild ßies, 5Ð 6 d for lab ßies).
Fly Marking. Because no detrimental effect of cold has been reported for sexual behavior studies in Drosophila melanogaster (Barron 1999) and, in particular, for male performance in C. capitata (Taylor et al. 2001) , females were again immobilized by cold to allow marking. After cooling, females were individually marked with a letter (font size #3, Arial, 0.5 mm ϫ 1.0 mm) printed on colored paper and Þxed with a dot of acrylic paint onto the dorsal mesonotum of each ßy . Later, groups of 25 females were placed in 1-liter containers with food and water and held under laboratory conditions until the next day. Male strains were identiÞed by adding a small dot of paint on the mesonotum of the males. For cages from which males from two different strains were released, only one of the strains (lab or wild, alternately) was painted. In Þeld cages from which more than two strains were released together, all the strains were painted with a different color. Colors were randomly assigned and interchanged every day to control for any effects of painting on mating performance. After marking, 50 males were placed in each container and held in the same manner as virgin females.
Experimental Site and Test Protocol. Field cage experiments took place at INTA Castelar (Ϸ58Њ 40ЈW, 34Њ 40ЈS), near Buenos Aires, Argentina, between 13 and 24 March 2000, where nylon screened cages (Ϸ2.5 m high ϫ 2.5 m diameter) were erected over rooted mandarin (Citrus nobilis L.) trees Ϸ1.5 m tall and Ϸ2 yr old. Four distinct experiments were conducted. In the Þrst three, 50 males of one of the laboratory strains (experiments Seib*, Cast, or Cast*, respectively) were released with 50 wild males and 50 wild females, resulting in a 2:1 male:female sex ratio, and a 1:1 ratio of lab versus wild males. In the fourth experiment, 25 males of each of the four tested strains were released along with 50 wild females (experiment Mix). In this latter case, the male:female sex ratio was maintained at 2:1, but the lab:wild male ratio changed to 3:1. Each test morning, at Ϸ0715 hours (Ϸ20 min after sunrise) males were released inside each Þeld cage. Fifteen minutes later, females were released into the cages. Dead, moribund, or nonßying ßies were replaced with healthy ßies in each cage. Then, mating pairs were collected over a 10-h period on that particular day. The following data were recorded for each mating pair: copulation start time, location in the cage where the pair was collected, strain of the male, and identiÞcation of the female (color and letter of the label). The pairs were collected in plastic vials and placed in the shade inside the cage until the mating couple separated. Once separated, the ßies were released into the cage, and the time of separation was recorded. Dead ßies found in the cage were recorded, though none of these was replaced. At the end of the 10 h of observation, all of the live ßies were aspirated from the cage, and the label identiÞcations of the females were recorded.
Data Analysis. Females were classiÞed as rematers or nonrematers according to whether they remated or not during the experiment. For the analysis, we used data from females that remated and from females that did not remate and were recovered alive at the end of the experiment. This prevented us from including dead females or any female that could have been lost during the experiment (or not recovered) as a nonremater female. The inßuence of the strain of the male with which the female mated for the Þrst time (Þrst male strain) on remating rate was evaluated by means of a 2 test for each experiment combining the data of all replicates. The Fisher exact test was performed when expected frequencies were to low. The effects of other variables, such as the start time of the Þrst mating (copulation start time), and copulation duration (computed as end time Ð start time) were evaluated for the propensity to remate by means of a two-way multivariate analysis of variance (MANOVA). First male strain and female remating status (remater versus nonremater) were considered the independent factors and mating start time and copulation duration the dependent variables. Data were standardized on daily basis to reduce the effect of the environmental conditions. The refractory period of a particular female was computed as the difference between the start time of the second mating and the end time of the Þrst mating. Possible differences in refractory periods as a function of the strain of the Þrst male were evaluated by analysis of variance (ANOVA). Pair-wise comparisons to evaluate the possible causes for signiÞcant differences in the previous test were performed by a Tukey honestly signiÞcant difference (HSD) test. Possible differences in female mate choice between the Þrst and second mating for remater females were evaluated by a homogeneity 2 test. All statistical analyses were performed using Statistica for Windows (Statistica 5.1, StatSoft Inc. 2000) .
Results
Experimental Conditions. During the experimental period, temperature ranged from 14.6 to 27.3ЊC. Average RH ranged from 34.4 to 91%. The light intensity recorded inside the cages ranged from a low daily median of 24,000 Lux to a high daily median of 74,000 Lux (SD 9,900), with an overall daily median of 55,000 Lux. One day was cloudy in the morning and rainy (0.5 mm rainfall) in the afternoon. The observed proportion of mated females was Ͼ20% in all the replicates, and only 2.3% of the observed copulations took place off the tree. This indicated that environmental conditions and the host plant simulated natural conditions suitably and that the tested insects were healthy. As a result, none of the replications was eliminated from the analysis (IAEA 1998) .
Wild Female Remating: Male Strain. Female remating was observed in all of the experiments (Table  1) , although not in all of the replicates. The general trend observed in the individual experiments (Seib*, Cast, and Cast*) as well as in the Mix experiment was a higher rate of remating for females Þrst mated with lab males compared with females Þrst mated with wild males. A statistically signiÞcant difference in remating was detected in experiments Seib* ( 2 (1) ϭ 4.30; P ϭ 0.038) and Mix (P ϭ 0.042; Fisher exact test). In the latter experiment, females mated with Cast* had a higher remating rate than those Þrst mated to wild males (P ϭ 0.015; Fisher exact test with BonferroniÕs correction).
Wild Female Remating: Copulation Start Time and Duration. Remater females tended to start the Þrst mating earlier than nonremater females (Table 2) , whereas duration of Þrst copulation of remater females tended to be shorter than that of nonremater females (Table 3) . The MANOVAs performed for each experiment revealed signiÞcant differences for remating status, whereas the other factor (male strain) and the interaction were nonsigniÞcant (Table 4) . When comparing means between remater and nonremater females, it was found that, in most cases, mating start time was signiÞcantly earlier in remater females than in nonrematers (P ϭ 0.072, P ϭ 0.008, and P ϭ 0.003 for experiments Seib*, Cast, and Cast*, respectively). Regarding copulation duration, the observed trend was not conÞrmed by the MANOVA; copulations of remater females did not last signiÞ-cantly less time. The Mix experiment showed similar results but it was not analyzed by means of a MANOVA because of reduced number of observations in some cells. Copulation duration, for the Þrst mating, was negatively correlated with mating start time both for nonremater and for remater females (Pearson correlation: r ϭ Ϫ0.354; N ϭ 845; P Ͻ 0.0001 for nonremater females, Fig. 1a ; and r ϭ Ϫ0.344; N ϭ 114; P ϭ 0.0002 for remater females, Fig. 1b) . This holds for every male type in every experiment (Pearson correlation: P Ͻ 0.05, data not shown).
Refractory Period. The observed female refractory period (Table 5) for females mated to irradiated males was shorter than for females mated to nonirradiated males. We found signiÞcant variance (F ϭ 3.54; df ϭ 3, 112; P ϭ 0.017) as a result of the strain of the Þrst mating partner. TukeyÕs HSD multiple comparisons revealed that females Þrst mated with Cast* males had a refractory period signiÞcantly (P ϭ 0.015) shorter than those mated with wild males. There were no signiÞcant differences between the refractory periods of females mated with Cast or Cast* males, but there was a tendency to a lower value in the case of Cast* males. There was no association between the refractory period and the duration of the Þrst copulation (Pearson correlation: r ϭ Ϫ0.043; P ϭ 0.652).
Second Mating. The proportions of females mated with wild or lab males in the Þrst and second matings were similar for the four experiments ( (1) ϭ 0.20, P ϭ 0.657 for experiments Seib*, Cast, and Cast*, respectively, and 2 (3) ϭ 5.99, P ϭ 0.112 for experiment Mix). In most cases, the second copulation was shorter than the Þrst one (Table 3 ). The differences were highly signiÞcant even when paired-sample comparisons were restricted to females mated twice with males of the same strain to avoid the effect of male strain on this variable (t ϭ 3.08; df ϭ 62; P ϭ 0.003). In contrast to the Þrst copulation, the duration of the second copulation was not correlated to mating start time (Fig. 1c , Pearson correlation: r ϭ Ϫ0.120; P ϭ 0.207).
Discussion
In this study, wild C. capitata females remated under Þeld cage conditions during the same day they copulated for the Þrst time. Even when the proportion of females remating was approximately only 12%, and the observation period was restricted to one day, it was possible to assess different factors associated with this behavior.
The strain of the Þrst male had a signiÞcant effect on female remating rate. The general trend was that females Þrst mated with laboratory males showed a higher remating rate compared with females Þrst mated to wild males. The implication is that laboratory males lose, to some extent, their ability to reduce female receptivity after their Þrst mating. This tendency has been previously reported under Þeld cage (Hendrichs et al. 1996 and laboratory conditions, though in most cases the differences were not statistically signiÞcant. Fertile Cast 191 males showed here a similar tendency, but, again, the differences were nonsigniÞcant. The irradiation process seems to enhance the difference between laboratory and wild males. In our experiments, irradiated males (both from strains Seib 6-96 and Cast 191) inhibited a signiÞcantly lower number of females from remating than did wild males. There was also a tendency to a higher remating rate for females mated to Cast191 males compared with Seib 6-96 males. Unfortunately, because of phytosanitary restrictions we could not study fertile Seib 6-96 males. Differences among strains have also been reported McCombs 1993b, McInnis et al. 2002, Vera For Mix experiment, no females mated for the Þrst time with Wild males were observed to remate. Cast* ϭ irradiated males from Cast-191 strain; Cast ϭ nonirradiated males; Seib* ϭ irradiated males from Seib 6-96 strain. The name of the experiment indicates the origin of the genetic sexing strain released with wild males. For Mix, all the strains were released together in the same proportion. Cast* ϭ irradiated males from Cast-191 strain; Cast ϭ nonirradiated males; Seib* ϭ irradiated males from Seib 6-96 strain. et al. 2002) , and some cases seem to be associated with the time under laboratory rearing . Females mated to long-establishedstrain males demonstrated a higher remating rate than those mated to males from younger strains (fewer generations under laboratory or mass rearing).
Remating propensity was strongly associated with copulation start time; females starting to copulate earlier showed a greater propensity to remate. This suggests that female activity levels could be an important factor in remating behavior. However, no association between mating percentage and number of females remating in each cage could be detected (data not shown). It could also be the case that experimental conditions favored female remating. Remating rate has been shown to be associated with the density of ßies released in laboratory cages . Cage conditions could stimulate remating behavior either indoors or outdoors. However, Þeld-collected ßies consistently show that female wild remating does occur in nature (McInnis 1993 , Yuval et al. 1996 , Bonizzoni et al. 2002 ; and, although experimental design (Þeld cages instead of open Þeld conditions) may enhance female remating, it is not expected that this effect would have an interaction with male strain. Thus, any difference between wild and laboratory males found under Þeld cage conditions may still be a good reßection of differences that actually occur in nature.
The association between remating propensity and duration of Þrst copulation was not as clear as reported in other studies (Farias et al. 1972 , Saul et al. 1988 ). Here, there was a tendency suggesting that females with a long Þrst copulation would show a lower propensity to remate, however, the differences were nonsigniÞcant. Also, Cast males were not as capable as wild males in reducing female receptivity even when copulation duration did not differ between them . A possible explanation may be that the previous studies (Saul et al. 1988 have reported the effect of Þrst copulation duration on remating based on laboratory strains under laboratory conditions. It is also interesting to note that Vera et al. (2002) found this association only in females of one of the two laboratory strains analyzed and, in particular, only for matings involving males of the same strain (Vera 2002) . These results suggest that the relationship between copulation duration and remating propensity is strain-dependent. Thus, we propose that copulation duration should not be used to predict any level of inhibition in female receptivity after mating, or if so, male strain should be considered.
The refractory period induced by Cast* males was shorter than that induced by wild males, whereas Cast males showed similar values, indicating a detrimental impact of irradiation on a maleÕs ability to prevent remating in females, as previously reported (Bloem et al. 1993a ). For Seib-irradiated males, the trend was similar as for Cast* males, but the differences were nonsigniÞcant. We also found no correlation between Each experiment is named by the origin of the laboratory strain used. Cast* ϭ irradiated males from Cast-191 strain; Cast ϭ nonirradiated males; Seib* ϭ irradiated males from Seib 6-96 strain. For Mix experiment, no females mated for the Þrst time with Wild males were observed to remate. Note: second mating females chose among the male strains released in the cages, so it is not expected to Þnd equal Ns for remater females and second matings. Cast* ϭ irradiated males from Cast-191 strain; Cast ϭ nonirradiated males; Seib* ϭ irradiated males from Seib 6-96 strain. Table 2 for copulation start time and in Table  3 for copulation duration.
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ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 96, no. 4 mating duration and the refractory period in agreement with Vera (2002) . We found a signiÞcant reduction in the duration of the second copulation compared with the Þrst copulation, as reported previously and a negative correlation between copulation duration and mating start time. This reduction could result from the reduction in copulation duration as the period of sexual activity during the day shortens (obviously, second matings start, on average, later than Þrst ones and, thus, are consequently shorter). However, the absence of a correlation between second mating start time and copulation duration suggests that this ÔeffectÕ of time of day is not operating on the duration of second copulations. The extra time spent in the Þrst mating could be explained if Þrst matings include a component absent in the second. This hypothetical component could be related to losing virginity (males may need time to break or force their way through some physical barrier), or to reducing the risk of remating, either via reduction of female receptivity by adding extra time to transfer accessory gland ßuids, performing copulatory courtship, or by mate guarding (Parker 1970 (Parker , 1998 . Males mating with a nonvirgin female could maximize paternity through sperm competition with the Þrst male rather than through a reduction of female receptivity to subsequent matings. It would be interesting to determine whether or not the reduction of time in copula for the second copulation, is accompanied by a reduction in the amount of sperm or accessory ßuids transferred.
In all, our study showed that wild C. capitata females can remate in the same day of their Þrst mating under Þeld cage conditions. The differences found in the remating rate and in the refractory period of females Þrst mated with wild or laboratory males provide evidence that rearing conditions and irradiation can alter a maleÕs ability to modulate the postmating behavior of females. The reduction in the ability of these males to reduce female receptivity compared with wild males might affect the efÞciency of the SIT. The fact that Þrst mating did not inßuence the proportions of mating combinations for the second mating in any experiment, could counterbalance the detrimental impact of male strain on remating in the SIT, because sterile males competed with wild males for nonvirgin females as efÞciently as they did for virgin females. It would be of practical importance to correlate the differences found in the current study, both between wild and laboratory males and among strains, with measures of the real incidence of remating in the open Þeld. This would support the use of remating levels in Þeld cage tests as quality assurance parameters for mass-reared C. capitata males.
